The target of this paper is to develop an enhanced flow-thermo-structural (FTS) model with high computational accuracy, to perform the integrated analysis of film cooling nozzle guide vane (NGV). An efficient turbulence model and weak spring approach are utilized in the enhanced FTS model. In respect of the power balance principle of aeroengine rotor shaft and temperature test of a typical combustor, the mean temperature inlet and five normalization temperature curves were confirmed, respectively. The temperature-sensitive paint (TSP) technology was used to verify the numerical simulation. From this study, we find that the predicted temperature caters for the TSP test well, between which the maximum error is less than 6%, and the maximum thermal stress is 758 MPa around the hole edges and the location of stress concentration keeps the consistency with that of the cracks. The maximum thermal stress increases by 10% with the increasing inlet temperature and reduces by about 16% with the shifting of flame peak from the outer to inner hub. The prediction provides general information on the initiation of cracks on a vane segment. The developed enhanced FTS model is validated to be workable and precise in the integrated analysis of film cooling NGV. The efforts of this study provide an integrated analysis approach of film cooling NGV and are promising to provide guidance for the integrated design of film cooling components besides NGV.
Introduction
With the development of aeronautical technology, turbine inlet temperature reaches to 2000 K which exceeds the melting point of high-temperature metal materials. It is necessary for the normal operation of turbine components to apply cooling measurement [1] . By adopting turbine cooling technology, it is possible to reduce average temperature away from rupture strength and temperature gradient to decrease thermal stress level. In term of the estimation of temperatures on turbine components based on engineering practices, thermal fatigue life of nozzle guide vane (NGV) is very sensitive to temperature. Therefore, it is urgent to find an efficient approach to accurately predict the temperature of turbine guide vane.
With the development of conjugate heat transfer (CHT) technology, the aerodynamic heat transfer of NGV is attracting the attention of numerous researchers. Funazaki [2] studied the cooling effectiveness at the leading edge of turbine front stages using the CHT calculation technique. Maheu [3] and Liu [4] discussed the heat transfer performance of a low-Mach turbine blade and heat transfer problem of a typical film cooling blade by ANSYS-CFX software. However, it is a large challenge for the design
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Physical Model
This paper selected a high-pressure turbine guide vane of an axial flow turbojet engine as the object of study. The geometric model and actual product of the guide vane is shown in Figure 1 . The original cascade comprises 24 vanes. The internal and external radii of the guide vane are 98 and 135 mm, respectively. The central angle of each NGV is 15 • , and the intersection angle between vane height and radial direction is 14 • . The number of cooling holes on the leading edge and trailing edge are 26 and 8, respectively. The hole diameters at the leading edge and trailing edge are 0.5 and 1.2 mm, respectively. The geometric parameters are indicated in Figure 1a . To reduce the computational load, the vane cascade in the simulation was simplified as a single channel since the air flow in the cascade varies periodically. The grids and cooling holes of NGV for the CFD simulation are schematically presented in Figure 2 and Table 1 .
Energies 2019, 12, x FOR PEER REVIEW 3 of 20 characteristic analysis, temperature field analysis, and thermo-structural analysis are investigated. Section 5 gives the conclusions and findings of this paper.
Modeling and Simulation Methods
Physical Model
This paper selected a high-pressure turbine guide vane of an axial flow turbojet engine as the object of study. The geometric model and actual product of the guide vane is shown in Figure 1 . The original cascade comprises 24 vanes. The internal and external radii of the guide vane are 98 and 135 mm, respectively. The central angle of each NGV is 15°, and the intersection angle between vane height and radial direction is 14°. The number of cooling holes on the leading edge and trailing edge are 26 and eight, respectively. The hole diameters at the leading edge and trailing edge are 0.5 and 1.2 mm, respectively. The geometric parameters are indicated in Figure 1a . To reduce the computational load, the vane cascade in the simulation was simplified as a single channel since the air flow in the cascade varies periodically. The grids and cooling holes of NGV for the CFD simulation are schematically presented in Figure 2 and Table 1 . characteristic analysis, temperature field analysis, and thermo-structural analysis are investigated. Section 5 gives the conclusions and findings of this paper.
Physical Parameters Values
Modeling and Simulation Methods
Physical Model
This paper selected a high-pressure turbine guide vane of an axial flow turbojet engine as the object of study. The geometric model and actual product of the guide vane is shown in Figure 1 . The original cascade comprises 24 vanes. The internal and external radii of the guide vane are 98 and 135 mm, respectively. The central angle of each NGV is 15°, and the intersection angle between vane height and radial direction is 14°. The number of cooling holes on the leading edge and trailing edge are 26 and eight, respectively. The hole diameters at the leading edge and trailing edge are 0.5 and 1.2 mm, respectively. The geometric parameters are indicated in Figure 1a . To reduce the computational load, the vane cascade in the simulation was simplified as a single channel since the air flow in the cascade varies periodically. The grids and cooling holes of NGV for the CFD simulation are schematically presented in Figure 2 and Table 1 . Table 1 . Geometrical sizes of nozzle guide vane (NGV).
Physical Parameters Values
Vane wall thickness, mm 
Material Parameters and Boundary Conditions
In this study, gas is assumed to be ideal gas and the material of vane is DD3 which is the first-generation Ni-based single crystal superalloy in China [28] and is widely applied to NGV under high temperature (below 1100 • C). Second-order polynomial fitting method is used to establish a relationship between temperature T and physical parameters (K, C, E, α, and ν) [28] , as shown in Equation (1) . The material equations are written into CFX software and FE code by CFX Expression Language (CEL).
where K, C v , E, α, and ν are heat conductivity of the material, specific heat capacity for volume, Young's modulus, thermal expansion coefficient, and Poisson's ratio, respectively. In terms of the power balance principle of aeroengine rotor shaft for the boundary conditions, the relationship between Mach number Ma eng and total pressure P * eng at engine inlet is
In respect of the efficiency η com = 0.98 of the compressor [29] , the outlet temperature T * com of the compressor is
where π = P * com /P * eng is the pressure ratio of compressor, in which P * com and P * eng are the total pressure at compressor outlet and engine inlet static pressure, respectively; T eng * is the total temperature of engine inlet. The temperature of cooling air is determined by the outlet temperature of compressor because cooling air comes directly from the end of the compressor. Cooling air mass flow W c , mean temperature T mean at cascade inlet, and inlet total pressure P * in can be gained respectively by where w = 1.88% is the percentage of cold coolant flow; W eng indicates oil mass; F = W fu /W eng denotes gas-oil ratio in which W fu denotes fuel mass flow; C g is the specific heat capacity of ideal gas; C pg is the specific heat capacity of hot gas; W ca indicates cooling air mass flow; T* ex is exhaust nozzle total temperature; η sh = 99% is the mechanical efficiency of aeroengine shaft; η rs = 0.97 is the total pressure recovery coefficient of combustor [29] . The above parameters in the power balance equation provided by Xiong [30] are listed in Table 2 . In terms of Equations (2)-(6), the conditions of NGV simulation are shown in Table 3 . All boundaries are set up as non-slip walls, and the periodic boundary method is used to predict periodic flow. The boundary conditions are displayed in Figure 3 . The influence of gas kinetic energy on heat transfer is considered by using the total energy model in this study. temperature; ηsh = 99% is the mechanical efficiency of aeroengine shaft; ηrs = 0.97 is the total pressure recovery coefficient of combustor [29] . The above parameters in the power balance equation provided by Xiong [30] are listed in Table  2 . In terms of Equations (2)-(6), the conditions of NGV simulation are shown in Table 3 . All boundaries are set up as non-slip walls, and the periodic boundary method is used to predict periodic flow. The boundary conditions are displayed in Figure 3 . The influence of gas kinetic energy on heat transfer is considered by using the total energy model in this study. The non-uniform temperature profile at the outlet of annular combustor chamber was studied by Povey [8] . It was shown that the distribution of radial temperature was similar to a parabola curve. Normalization and polynomial fitting method [31] were used to get a typical temperature distribution curve in this paper. The axis and boundary of curves were modified many times to make the temperature result of the CFD simulation cater for that of the temperature-sensitive paint (TSP) test [30] . The standard dimensionless temperature equation for Case 1 was considered as standard condition which is referenced to compare with experimental results. To discuss the influence of radial flame peak and temperature gradient, five curves are established, where the Case The non-uniform temperature profile at the outlet of annular combustor chamber was studied by Povey [8] . It was shown that the distribution of radial temperature was similar to a parabola curve. Normalization and polynomial fitting method [31] were used to get a typical temperature distribution curve in this paper. The axis and boundary of curves were modified many times to make the temperature result of the CFD simulation cater for that of the temperature-sensitive paint (TSP) test [30] . The standard dimensionless temperature equation for Case 1 was considered as standard condition which is referenced to compare with experimental results. To discuss the influence of radial Table 4 . The mean value of all temperature profiles is 1310 K. The equations of six temperatures, denoted by T 1 , T 2 , . . . , T 6 , are expressed as
where χ = (r − r int )/(r ext − r int ) is the dimensionless distance between the inner hub and outer hub, in which r int and r ext indicate the radii of the inner and outer hub, respectively. The fitted curves of inlet temperature in radial direction for six Cases are shown in Figure 4 . Table 4 . 
where χ = (r − rint )/(rext − rint ) is the dimensionless distance between the inner hub and outer hub, in which rint and rext indicate the radii of the inner and outer hub, respectively. The fitted curves of inlet temperature in radial direction for six Cases are shown in Figure 4 . 
Meshing
The simulation data between cascade and NGV were exchanged by general-grid-interface technology. The thickness of the first boundary layer grid was 1 μm, the expansion ratio was 1.2, and the total number of near-wall nodes was 15. When the analysis results were sensitive to the number of mesh nodes, a grid-independent test was performed to find the number of the best grid. An average change coefficient фcha is introduced to test the influence of mesh number, i.e.,
where фn and фn − 1 are the physical parameters (i.e., temperature, stress, deformations, etc.) of the nth mesh in the FE model, respectively; z is the number of elements; n indicated the nth mesh. 
The simulation data between cascade and NGV were exchanged by general-grid-interface technology. The thickness of the first boundary layer grid was 1 µm, the expansion ratio was 1.2, and the total number of near-wall nodes was 15. When the analysis results were sensitive to the number of mesh nodes, a grid-independent test was performed to find the number of the best grid. An average change coefficient φ cha is introduced to test the influence of mesh number, i.e., where φ n and φ n − 1 are the physical parameters (i.e., temperature, stress, deformations, etc.) of the nth mesh in the FE model, respectively; z is the number of elements; n indicated the nth mesh.
The test results of grid independence are listed in Table 5 . In Table 5 , 5,500,000 elements are used for gridding due to the smallest average change coefficients 1.2 and 1.1 for mean temperature and maximum temperature, respectively. 
Simulation Procedure
The prediction method of NGV stress is described as follows. Firstly, finite meshing software was used to create an unstructured grid of cascade flow and NGV. The calculation results of Equations (2)- (6) were used as boundary conditions of cascade flow. The dimensionless temperature curves were inputted into CFX software to simulate CHT. Then, the axis and boundary of standard temperature curve were modified repeatedly until the maximum temperature error between CFD simulation and experiment was less than 6%. Lastly, the temperature results of NGV were imported into ANSYS software directly and thermal stresses were solved by the thermal elastic FEM code. The simulation process is shown in Figure 5 . The test results of grid independence are listed in Table 5 . In Table 5 , 5,500,000 elements are used for gridding due to the smallest average change coefficients 1.2 and 1.1 for mean temperature and maximum temperature, respectively. 
The prediction method of NGV stress is described as follows. Firstly, finite meshing software was used to create an unstructured grid of cascade flow and NGV. The calculation results of Equations (2)- (6) were used as boundary conditions of cascade flow. The dimensionless temperature curves were inputted into CFX software to simulate CHT. Then, the axis and boundary of standard temperature curve were modified repeatedly until the maximum temperature error between CFD simulation and experiment was less than 6%. Lastly, the temperature results of NGV were imported into ANSYS software directly and thermal stresses were solved by the thermal elastic FEM code. The simulation process is shown in Figure 5 . 
Verification Strategy
Turbulence Model
The prediction of heat transfer on airfoil surface by CFD simulation is susceptible to the turbulence model. It is essential to assess the prediction accuracy of turbulence model in heat transfer. The turbulence model applied in this paper is SST γ-θ. The SST γ-θ model has good transition prediction capability in transient fluid-structural heat transfer analysis, because the model considers the time effect and adopts an intermittent factor to predict the time and position where the transition happens [32] .
As there are not enough aerodynamic measurement parameters and heat transfer test results of NGV in the open database, a typical guide vane which is similar to the geometrical structure and working environment of the model described in this paper, was selected to verify the accuracy of the aerodynamic simulation results. The boundary conditions and experimental data of the typical guide vane are provided by Hylton [33] . The simulation method and finite grids agree with the method discussed in Section 2. The equation of convective heat transfer coefficient (HTC) is 
Verification Strategy
Turbulence Model
As there are not enough aerodynamic measurement parameters and heat transfer test results of NGV in the open database, a typical guide vane which is similar to the geometrical structure and working environment of the model described in this paper, was selected to verify the accuracy of the aerodynamic simulation results. The boundary conditions and experimental data of the typical guide vane are provided by Hylton [33] . The simulation method and finite grids agree with the method discussed in Section 2. The equation of convective heat transfer coefficient (HTC) is
where q is wall heat flux; T aw is wall temperature; T sp is mean temperature at gas inlet.
The comparison results of midspan pressure and HTC are shown in Figures 6 and 7 , respectively.
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The comparison results of midspan pressure and HTC are shown in Figures 6 and 7 , respectively. As illustrated in Figures 6 and 7 , although the error of HTC at the middle of suction side is larger than other positions due to the interaction phenomenon in shock wave-boundary layer [34] , the average absolute error of the CFD simulation on gas pressure agrees well with the test data. The results validate that the turbulence model SST γ-θ is precise in CFD simulation and basically meets the requirement of CHT calculation. Thus, the turbulence model SST γ-θ was adopted in the integrated analysis of film cooling NGV in this paper.
Temperature Test
Surface temperature was tested by aeroengine test room in China Gas Turbine Establishment (GTE) under normal atmospheric temperature and pressure. TSP technology was adopted to measure the surface temperature of NGV under the maximum operation conditions. The surface temperature of NGV was tested inside an indoor aero-engine test rig, the structure of which is shown in Figure 8 and the technical parameters of the engine are listed in Table 2 .
Each TSP material has one temperate sensitive range so that the temperature in the range can be tested. In this paper six typical TSPs were reasonably selected to test the temperatures on different regions of the vane rim. In other words, the guide vane rim was divided into six regions and each region had one TSP. The regions with different colors were explained in Figure 1 . Isothermal lines (i.e., discoloration lines) were used to calibrate and explain the TSPs after heating, instead of the colors, by thermocouples. The calibrated temperatures of thermal-indicate standard models under 
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Each TSP material has one temperate sensitive range so that the temperature in the range can be tested. In this paper six typical TSPs were reasonably selected to test the temperatures on different regions of the vane rim. In other words, the guide vane rim was divided into six regions and each region had one TSP. The regions with different colors were explained in Figure 1 .
(i.e., discoloration lines) were used to calibrate and explain the TSPs after heating, instead of the colors, by thermocouples. The calibrated temperatures of thermal-indicate standard models under the constant peak temperature for 3 min are shown in Figure 9 . In Section 4, the colors under different temperatures on different regions in Figure 9 are regarded as the reference to determine the temperature distributions gained in the integrated analysis of film cooling NGV.
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Result and Discussions
This section will discuss the integrated analysis of film cooling NGV to validate the effectiveness of the developed enhanced FTS model in computing precision from flow characteristics, temperature distributions, and fluid-structural coupling characteristics, respectively.
Flow Characteristic Analysis
Based on the developed enhanced FTS model, the effects of static pressure and Mach number around the NGV on temperature distribution were studied. Figure 10 shows static pressure and Mach number distribution on midspan of Case 1. the constant peak temperature for 3 min are shown in Figure 9 . In Section 4, the colors under different temperatures on different regions in Figure 9 are regarded as the reference to determine the temperature distributions gained in the integrated analysis of film cooling NGV.
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Result and Discussions
Flow Characteristic Analysis
Based on the developed enhanced FTS model, the effects of static pressure and Mach number around the NGV on temperature distribution were studied. Figure 10 shows static pressure and Mach number distribution on midspan of Case 1.
As shown in Figure 10a , the peak pressure appears in the stagnation zone of the leading edge. The distributions law of static pressure on midspan is similar to that in Figure 6 , which basically proves the effectiveness of the proposed model. As the pressure wave at suction side is distinct, the rapid expansion of mainstream enhances the Mach number to the maximum (closing to that of the engine entrance) at the second half of the suction side. The increase of gas flow rate greatly increases the heat transfer rate in the region, which is also the basis of the heat transfer characteristic analysis of the NGV surface. Figure 11 shows the distribution of static pressure differences and Mach number differences between Case 1 under the standard condition and Case 6 under the mean temperature inlet condition at midspan. As shown in Figure 10a , the peak pressure appears in the stagnation zone of the leading edge. The distributions law of static pressure on midspan is similar to that in Figure 6 , which basically proves the effectiveness of the proposed model. As the pressure wave at suction side is distinct, the rapid expansion of mainstream enhances the Mach number to the maximum (closing to that of the engine entrance) at the second half of the suction side. The increase of gas flow rate greatly increases the heat transfer rate in the region, which is also the basis of the heat transfer characteristic analysis of the NGV surface. Figure 11 shows the distribution of static pressure differences and Mach number differences between Case 1 under the standard condition and Case 6 under the mean temperature inlet condition at midspan. As illustrated in Figure 11 , the static pressure increases with the increasing inlet temperature, and influences the flow performances of internal cooling air. As the pressure of mainstream rises, the cooling air cannot flow out of the holes at the trailing edge, and radial velocity enlarges. As the flow rate of cooling air directly effects the distribution of thermal stress around the cooling holes, the calculation results can provide a reference for the location of stress concentration.
In the integrated analysis of NGV, HTC is an important parameter of determining temperature distribution. Figure 12 shows the flow-heat transfer performance on both the outer and inner surface As shown in Figure 10a , the peak pressure appears in the stagnation zone of the leading edge. The distributions law of static pressure on midspan is similar to that in Figure 6 , which basically proves the effectiveness of the proposed model. As the pressure wave at suction side is distinct, the rapid expansion of mainstream enhances the Mach number to the maximum (closing to that of the engine entrance) at the second half of the suction side. The increase of gas flow rate greatly increases the heat transfer rate in the region, which is also the basis of the heat transfer characteristic analysis of the NGV surface. Figure 11 shows the distribution of static pressure differences and Mach number differences between Case 1 under the standard condition and Case 6 under the mean temperature inlet condition at midspan. As illustrated in Figure 11 , the static pressure increases with the increasing inlet temperature, and influences the flow performances of internal cooling air. As the pressure of mainstream rises, the cooling air cannot flow out of the holes at the trailing edge, and radial velocity enlarges. As the flow rate of cooling air directly effects the distribution of thermal stress around the cooling holes, the calculation results can provide a reference for the location of stress concentration.
In the integrated analysis of NGV, HTC is an important parameter of determining temperature distribution. Figure 12 shows the flow-heat transfer performance on both the outer and inner surface under the condition of Case 1. Tsp = 1310 and 491 K were employed to calculate outer and inner HTC, respectively. As illustrated in Figure 11 , the static pressure increases with the increasing inlet temperature, and influences the flow performances of internal cooling air. As the pressure of mainstream rises, the cooling air cannot flow out of the holes at the trailing edge, and radial velocity enlarges. As the flow rate of cooling air directly effects the distribution of thermal stress around the cooling holes, the calculation results can provide a reference for the location of stress concentration.
In the integrated analysis of NGV, HTC is an important parameter of determining temperature distribution. Figure 12 shows the flow-heat transfer performance on both the outer and inner surface under the condition of Case 1. T sp = 1310 and 491 K were employed to calculate outer and inner HTC, respectively.
As revealed in Figure 12 , four regions are denoted by A, B, C, and D, to study the HTC performance. Large HTCs that appeared on regions A and D are induced by high flow speed and high pressure in Figure 10 . All cooling air injects into NGV through a small hole at the bottom, and causes the local severe heat transfer in region C. The cooling air injected from a small hole directly attacks against region B. In this case, the local HTC on the suction side is improved. In addition, the cooling gas flow outside the outer hub has a circumferential velocity. Therefore, the simulation of HTC is reasonable and effective to validate the effectiveness of CHT calculation. As revealed in Figure 12 , four regions are denoted by A, B, C, and D, to study the HTC performance. Large HTCs that appeared on regions A and D are induced by high flow speed and high pressure in Figure 10 . All cooling air injects into NGV through a small hole at the bottom, and causes the local severe heat transfer in region C. The cooling air injected from a small hole directly attacks against region B. In this case, the local HTC on the suction side is improved. In addition, the cooling gas flow outside the outer hub has a circumferential velocity. Therefore, the simulation of HTC is reasonable and effective to validate the effectiveness of CHT calculation. Figure 13 shows temperature distribution contours of Case 1 and TSP test results for the NGV. As illustrated in Figure 13 , high temperature appears at both the leading edge and trailing edge with the maximum 1205 K at the center of the vane airfoil on the trailing edge (50% height), and the temperature gradually decreases in the chord direction to a local minimum 821 K at film cooling holes, and the temperatures on the vane agree with these of the TSP standard model in respect of TSP-M02, TSP-M05, and TSP-M07, because the maximum calculation error is only 4.1%. The simulation temperatures at the inner and outer hub of the leading edge are 730-962 K and 802-896 K, respectively. For the same position of TSP test, the temperatures in TSP-M04, TSP-S01, and TSP-M10 are 694-966 K and 801-864 K. Obviously, the maximum error is 5.2% indicated in Figure 13b , which displays that the location and value calculated by the CFD simulation are consistent with the TSP test. In previous works, the NGV was discussed under the same condition using an average temperature inlet and SST model [16] . The results revealed that the temperature of the outer hub of the leading edge varied in [720 K, 808 K] which is much lower than that of TSP test in [801 K, 964 K], and had the error range [6.4%, 10.1%]. Compared to the maximum error 10.1% in the previous work, therefore, the proposed enhanced FTS model is accurate owing to the maximum error of 5.2%.
Temperature Field Analysis
On the trailing side, a higher temperature observed by the thermal load was relatively lower due to no internal passage. The maximum temperature difference between cooling holes and the trailing edge was 384 K which was quite large for a hollow structure. Similarly, the maximum temperature 1190 K on the pressure side localized at 2/3 the height of the leading edge on the vane airfoil. The same height had the peak value of inlet temperature profile. Moreover, in the inner passage, the air jet raised the temperature and formed a tongue-shaped temperature contour at the suction side and pressure side. This phenomenon is consistent with that observed in the TSP test and the distribution of HTC. Figure 13 shows temperature distribution contours of Case 1 and TSP test results for the NGV. As illustrated in Figure 13 , high temperature appears at both the leading edge and trailing edge with the maximum 1205 K at the center of the vane airfoil on the trailing edge (50% height), and the temperature gradually decreases in the chord direction to a local minimum 821 K at film cooling holes, and the temperatures on the vane agree with these of the TSP standard model in respect of TSP-M02, TSP-M05, and TSP-M07, because the maximum calculation error is only 4.1%. The simulation temperatures at the inner and outer hub of the leading edge are 730-962 K and 802-896 K, respectively. For the same position of TSP test, the temperatures in TSP-M04, TSP-S01, and TSP-M10 are 694-966 K and 801-864 K. Obviously, the maximum error is 5.2% indicated in Figure 13b , which displays that the location and value calculated by the CFD simulation are consistent with the TSP test. In previous works, the NGV was discussed under the same condition using an average temperature inlet and SST model [16] . The results revealed that the temperature of the outer hub of the leading edge varied in [720 K, 808 K] which is much lower than that of TSP test in [801 K, 964 K], and had the error range [6.4%, 10.1%]. Compared to the maximum error 10.1% in the previous work, therefore, the proposed enhanced FTS model is accurate owing to the maximum error of 5.2%.
On the trailing side, a higher temperature observed by the thermal load was relatively lower due to no internal passage. The maximum temperature difference between cooling holes and the trailing edge was 384 K which was quite large for a hollow structure. Similarly, the maximum temperature 1190 K on the pressure side localized at 2/3 the height of the leading edge on the vane airfoil. The same height had the peak value of inlet temperature profile. Moreover, in the inner passage, the air jet raised the temperature and formed a tongue-shaped temperature contour at the suction side and pressure side. This phenomenon is consistent with that observed in the TSP test and the distribution of HTC. Figure 14 shows temperature profiles distributions at different heights and the total mass flow of cooling air from A1 to A4. As illustrated in Figure 14 , the direction of cooling air is positive along the outlet direction of holes. Due to the unequal distribution of cooling air mass flow under different suctions, the maximum temperatures are almost same as 25% and 50% spanwise of the leading edge and trailing edge. The temperature curves at the leading edge are smoother than that of the trailing edge, which indicates that the thermal deformation is relatively gentle and increasing the gradient of inlet temperature can enlarge the temperature gradient in the midspan. As the flame peak shifts from the outer to inner hub, the upper temperature decreases obviously. The max-temperature drop on the suction side is 8%. The distribution of temperature profiles regarding the uniform temperature inlet is different from the test results in Figure 13 . Without non-uniform inlet temperature, the midspan temperature at the leading edge is the lowest in all Cases. By contrast, the temperature at 75% height Figure 14 shows temperature profiles distributions at different heights and the total mass flow of cooling air from A1 to A4. As illustrated in Figure 14 , the direction of cooling air is positive along the outlet direction of holes. Due to the unequal distribution of cooling air mass flow under different suctions, the maximum temperatures are almost same as 25% and 50% spanwise of the leading edge and trailing edge. The temperature curves at the leading edge are smoother than that of the trailing edge, which indicates that the thermal deformation is relatively gentle and increasing the gradient of inlet temperature can enlarge the temperature gradient in the midspan. As the flame peak shifts 
Thermo-Structural Analysis
A large enough gap between parts is required due to the thermal expansion under high-temperature operation. As collision and compression always unavoidably appear among different parts of the guide vane rim, a periodic boundary condition was utilized to prevent the circumferential displacement of the NGV as shown in Figure 3 . To find the structure strength of the NGV, the equivalent stress σvon (also called von Mises stress) was adopted, i.e.,
where σx, σy, and σz indicate the stresses in x, y, and z directions, respectively. The aperture of NGV connections is large enough (i.e., larger than the deformation caused by thermal expansion) to allow the vane to move freely [35] . Thus, the thermal stress caused by the connection structure is negligibly small, which means a free boundary may be suitable for this problem. However, according to the thermal-elastic constitutive equations, if all boundaries are free, the equations will lack constraints. In this case, the weak spring approach is used to avoid computational divergence. Weak spring was added at eight grid nodes at the boundaries on three directions, as shown in Figure 15 . The weak springs provide a virtual force on the structure boundaries, so that the convergence can be ensured. To reduce the boundary force, the spring 
A large enough gap between parts is required due to the thermal expansion under high-temperature operation. As collision and compression always unavoidably appear among different parts of the guide vane rim, a periodic boundary condition was utilized to prevent the circumferential displacement of the NGV as shown in Figure 3 . To find the structure strength of the NGV, the equivalent stress σ von (also called von Mises stress) was adopted, i.e.,
where σ x , σ y , and σ z indicate the stresses in x, y, and z directions, respectively. The aperture of NGV connections is large enough (i.e., larger than the deformation caused by thermal expansion) to allow the vane to move freely [35] . Thus, the thermal stress caused by the connection structure is negligibly small, which means a free boundary may be suitable for this problem. However, according to the thermal-elastic constitutive equations, if all boundaries are free, the equations will lack constraints. In this case, the weak spring approach is used to avoid computational divergence. Weak spring was added at eight grid nodes at the boundaries on three directions, as shown in Figure 15 . The weak springs provide a virtual force on the structure boundaries, so that the convergence can be ensured. To reduce the boundary force, the spring stiffness should be as small as possible. However, when the stiffness coefficient is small enough, the simulation will be diffused. To find the balance between computational convergence and over-constrained, the thermal stress results of four stiffness coefficients K s are shown in Figure 16 . The increase of spring stiffness will lead to stress concentration at the grid nodes. Obviously, increasing the spring stiffness could not reflect the real situation. According to the simulation test, this paper considers the spring stiffness as 1 N/mm. stiffness should be as small as possible. However, when the stiffness coefficient is small enough, the simulation will be diffused. To find the balance between computational convergence and over-constrained, the thermal stress results of four stiffness coefficients Ks are shown in Figure 16 . The increase of spring stiffness will lead to stress concentration at the grid nodes. Obviously, increasing the spring stiffness could not reflect the real situation. According to the simulation test, this paper considers the spring stiffness as 1 N/mm. With respect to the FE analysis, the expansion and total mesh displacement are shown in Figure  17 . As revealed in Figure 17 , the maximum mesh displacement was 1.72 mm. As it is difficult to observe the deformation in one-to-one scaled images, the deformation in Figure 17 was displayed by magnifying 65 times. As shown in Figure 13 , the outer and inner hub at the leading edge are cooler than the same positions of the trailing edge. Therefore, the trailing edge mainly bears the tension load. The deformation was proportional to the radial direction. stiffness should be as small as possible. However, when the stiffness coefficient is small enough, the simulation will be diffused. To find the balance between computational convergence and over-constrained, the thermal stress results of four stiffness coefficients Ks are shown in Figure 16 . The increase of spring stiffness will lead to stress concentration at the grid nodes. Obviously, increasing the spring stiffness could not reflect the real situation. According to the simulation test, this paper considers the spring stiffness as 1 N/mm. With respect to the FE analysis, the expansion and total mesh displacement are shown in Figure  17 . As revealed in Figure 17 , the maximum mesh displacement was 1.72 mm. As it is difficult to observe the deformation in one-to-one scaled images, the deformation in Figure 17 was displayed by magnifying 65 times. As shown in Figure 13 , the outer and inner hub at the leading edge are cooler than the same positions of the trailing edge. Therefore, the trailing edge mainly bears the tension load. The deformation was proportional to the radial direction. With respect to the FE analysis, the expansion and total mesh displacement are shown in Figure 17 . As revealed in Figure 17 , the maximum mesh displacement was 1.72 mm. As it is difficult to observe the deformation in one-to-one scaled images, the deformation in Figure 17 was displayed by magnifying 65 times. As shown in Figure 13 , the outer and inner hub at the leading edge are cooler than the same positions of the trailing edge. Therefore, the trailing edge mainly bears the tension load. The deformation was proportional to the radial direction. Guo [36] studied a type of NGV with a similar structure, material, and working environment. The comparison of the Von Mises stress on the NGV surface with the actual cracks [36] is shown in Figure 18 . Compared with the experiment, the locations of predicted stress concentration show the consistency with the cracks on the gas turbine vanes after an operating period.
Generally, the thermal stress is induced by the total thermal expansion from hot mainstream in vane cascade and the centralized cooling structures, such as cooling holes, inject holes, etc. As seen in Figure 18 , thermal stress concentrations exist at the junctions between the vane and hub, because vane ring limits radial expansion. The stresses may be relaxed by junction chamber described in Table 1 . The other thermal stress concentrations occur at the edges of the cooling hole at the trailing edge. The maximum stress (758 MPa) appears in the fifth cooling hole counting from the hub. Specifically, the number of cracks on the holes of the trailing edge are more than that of the leading edge. Thus, the thermal stress concentration in cooling holes is dangerous as to induce cracks when a mass of cooling air goes through a small hole in hot metallic materials. Guo [36] studied a type of NGV with a similar structure, material, and working environment. The comparison of the Von Mises stress on the NGV surface with the actual cracks [36] is shown in Figure 18 . Compared with the experiment, the locations of predicted stress concentration show the consistency with the cracks on the gas turbine vanes after an operating period.
Generally, the thermal stress is induced by the total thermal expansion from hot mainstream in vane cascade and the centralized cooling structures, such as cooling holes, inject holes, etc. As seen in Figure 18 , thermal stress concentrations exist at the junctions between the vane and hub, because vane ring limits radial expansion. The stresses may be relaxed by junction chamber described in Table 1 . Guo [36] studied a type of NGV with a similar structure, material, and working environment. The comparison of the Von Mises stress on the NGV surface with the actual cracks [36] is shown in Figure 18 . Compared with the experiment, the locations of predicted stress concentration show the consistency with the cracks on the gas turbine vanes after an operating period.
Generally, the thermal stress is induced by the total thermal expansion from hot mainstream in vane cascade and the centralized cooling structures, such as cooling holes, inject holes, etc. As seen in Figure 18 , thermal stress concentrations exist at the junctions between the vane and hub, because vane ring limits radial expansion. The stresses may be relaxed by junction chamber described in Table 1 . The other thermal stress concentrations occur at the edges of the cooling hole at the trailing edge. The maximum stress (758 MPa) appears in the fifth cooling hole counting from the hub. Specifically, the number of cracks on the holes of the trailing edge are more than that of the leading edge. Thus, the thermal stress concentration in cooling holes is dangerous as to induce cracks when a mass of cooling air goes through a small hole in hot metallic materials. The other thermal stress concentrations occur at the edges of the cooling hole at the trailing edge. The maximum stress (758 MPa) appears in the fifth cooling hole counting from the hub. Specifically, the number of cracks on the holes of the trailing edge are more than that of the leading edge. Thus, the thermal stress concentration in cooling holes is dangerous as to induce cracks when a mass of cooling air goes through a small hole in hot metallic materials.
Effect of Non-Uniform Temperature Inlet
The aim of integrated analysis is to show how the flow environment affects structural thermal stress. Figure 19 shows the relationship between cooling air mass flow rate and thermal stress under different cooling holes at the trailing edge from Case 1 to Case 6. Under the standard conditions, the air mass flow first increases and then decreases in the cooling holes in the radial direction. The kinetic energy of cooling gas reaches the maximum between No. 6 and No. 7 holes, and then declines slowly. In most cases, the distribution of maximum stress in holes is similar to the distribution of air mass flow. However, it is more sensitive than the cooling air flow. With the increasing inlet temperature gradient, the maximum hole mass flow moves from hole No. 6 to No. 7, resulting from the increasing radial velocity indicated in Figure 11b . The results of integrated analysis show that the slight change of aerodynamic environment may lead to a significant increase in the thermal stress of NGV, which is different from the findings in the traditional isolation analysis. 
Conclusions
The target of this paper was to perform the integrated analysis of film cooling nozzle guide vane (NGV) by proposing an enhanced fluid-thermo-structural model, by adopting an efficient turbulence model (i.e., SST γ-θ model), and weak spring approach, in respect to computational fluid 
The target of this paper was to perform the integrated analysis of film cooling nozzle guide vane (NGV) by proposing an enhanced fluid-thermo-structural model, by adopting an efficient turbulence model (i.e., SST γ-θ model), and weak spring approach, in respect to computational fluid dynamics (CFD) and computational solid dynamics (CSD). Through the validation of the enhanced model and the integrated analysis of film cooling NGV involving the characteristics of flow field, temperature field, and thermo-structural coupling field, some conclusions are summarized as follows:
1.
The enhanced FTS model can precisely predict flow field, temperature field, and thermo-structural coupling field, following the general working state of film cooling NGVs. Compared with the traditional method, the accuracy of temperature field calculation is improved by about 5%. 2.
The simulated results of pressure and convective heat transfer coefficient with SST γ-θ model agree well with test data. Both temperature distribution and crack generation position are basically consistent with a real vane and only have an error of <6% of the maximum predicted temperature. It is indicated that the enhanced FTS model is accurate and effective. 3.
The increasing inlet temperature gradient hardly affects the pressure distribution at the midspan. In this case, however, the radial velocity of the inner cooling gas near the trailing edge holes increase, and temperature gradient and thermal stress is enhanced by about 7.5%. The peak change of gas temperature from the outer to inner hub hardly influences the distribution of cooling air, while the max thermal stress reduces by 16%. It is revealed that thermal stress is largely affected by aerodynamic characteristics and the enhanced FTS model is reasonable and effective. 4.
Thermal stress concentrations are located at the hole edges of the trailing edge near the outer hub and the junction between the vane and ring, respectively. Although the temperature around the holes is small, the thermal stress is almost twice that at junctions. Therefore, the cracks appear at the edge of holes before appearing at the junctions. This is significant for designing film cooling NGV.
In short, the developed enhanced FTS model is validated to hold high-computational precision and efficiency in the integrated analysis of film cooling NGV, by comparing the temperature characteristics, fluid field distribution, and thermo-structural coupling characteristics with the experimental investigation. The efforts of this study provide a promising modeling strategy for the integrated design of NGV in engineering. 
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